ABSTRACT
Introduction
Postmortem computed tomography (PMCT) has been increasingly used in dead cases to investigate the cause of death 1) . In patients with nontraumatic cardiopulmonary arrest, intracardiac and intrahepatic gas are often seen on PMCT (Fig. 1) , with Takahashi et al. observing intrahepatic gas in 31.7% (66/208) of such cases 2) and Shiotani et al. finding portal venous gas in 33.2% (63/190) 3) and intracardiac gas in 50.4% (115/228) 4) . Bag-valve mask ventilation during CPR-induced intestinal distension has been suggested as a cause of intrahepatic and portal venous gas production 2, 3, 5) . Catheterization [6] [7] [8] , cardiopulmonary resuscitation-induced lung injury 9) , gas production by anaerobic bacteria 10) , chest compression-induced pneumatization of blood gas 11) , and Intrahepatic and intracardiac gas on postmortem computed tomography in patients with nontraumatic cardiopulmonary arrest JJAAM. 2012; 23: 757-67 Tomohiro Kikkawa, et al inflow of portal venous gas 10) have been proposed as causes of intracardiac gas. However, only a few cases have been reported, and the causes of intrahepatic and intracardiac gas production have not been investigated in detail. In this study, we retrospectively surveyed findings for intrahepatic and intracardiac gas in nontraumatic cardiopulmonary arrest patients in whom cardiopulmonary resuscitation was performed, but death occurred at the emergency department (ED) and thoracoabdominal PMCT was performed within one hour after death. We examine cause of occurrence of intrahepatic and intracardiac gas by cardiopulmonary resuscitation.
Patients and Methods
The subjects were patients aged 18 years or older who were transported to the ED of School of Medicine, Iwate Medical University, Morioka, Japan, between May 1, 2002 and February 1, 2010 with nontraumatic cardiopulmonary arrest. All patients received cardiopulmonary resuscitation, but death occurred at the ED. Thoracoabdominal PMCT was performed within one hour after death. The exclusion criteria were age ≤ 17 years old, absence of medical records, trauma patients, cases of hanging, cases of drowning at places other than a home bath, no PMCT performed, and PMCT performed more than one hour after death or at return of spontaneous circulation. Cases of hanging were excluded because the trachea and blood vessels may have been injured. Those of drowning at places other than a home bath were excluded because trauma may have been present. Our hospital is a medical emergency center located in central Iwate Prefecture and covers about 500,000 people centered on the city of Morioka.
Cardiopulmonary resuscitation was performed following the Japanese CPR guidelines (based on the AHA guidelines 2000) 12) 13) . Discontinuation of resuscitation was determined by the attending physician at the ED.
In PMCT, 1.0-cm slice images of the thoracoabdominal region were acquired using a CT (Asteion TSX-021A: Toshiba Medical Japan, Tokyo, Japan) at the ED. Images were read by two physicians (a radiologist and a surgeon), and the opinion of another radiologist was used if the first two judgments were inconsistent. Intrahepatic and intracardiac gas, gastric distension, and dendroid gas images within 2 cm from the hepatic margin in cases with intrahepatic gas were surveyed, and the incidences of intrahepatic and intracardiac gas were determined. A transverse diameter of 8 cm or greater on CT was defined as gastric distension, as defined by Shiotani et al. 3) . Medical records were reviewed to obtain data for age, sex, cause of death determined by the attending physician at the ED by inference , place of intubation, duration of cardiopulmonary resuscitation (duration of BLS+ACLS), total dose of adrenaline, history of treatment with an automatic cardiopulmonary resuscitation device (Autopulse AP-M100, Nihon Kohden), return of spontaneous circulation, bystander CPR, infection, number of catheters, central venous catheterization, drip infusion at a tube-indwelled site, and presence of a witness to cardiac arrest. Return of spontaneous circulation was defined as a case in which heart beat temporarily restarted during cardiopulmonary resuscitation, but the patient died at the ED Fig. 1 . a: Gas (white arrow) was present in the right ventricle on chest CT. b: Gas (white arrow head) was present in the liver on abdominal CT. a b before admission. Admission was determined by the attending physician. For drip infusion at a tube-indwelled site, indwelling in the jugular, subclavian, and femoral veins was regarded as trunk placement, and that in the other four extremities as peripheral placement. Cases with trunk ± peripheral placement or peripheral placement alone were included. Seven patients had pneumonia. Missing items in medical records were recorded and analysis was performed after excluding cases with missing items. The incidences of gastric distention were investigated based on prehospital intubation, bystander CRR, and duration of cardiopulmonary resuscitation without intubation.
Values are presented as the mean ± SD. A Pearson chisquare test, Fisher chi-square test, and Wilcoxon rank sum test were used in univariate analysis ( 
Results
Of 761 patients with cardiopulmonary arrest treated at our hospital between May 1, 2002 and February 1, 2010, 286 were included in the analysis (Fig. 2) . The mean age of these patients was 70.4 ± 15.6 years old, and 68.5% (196) and 31.5% (90) were male and female, respectively. The cause of death was heart disease in 57.0% (163 patients), thoracic or abdominal aortic rupture in 15.0% (43), lung disease in 4.2% (12) , cerebrovascular disease in 1.7% (5), suffocation in 4.5% (13) , other causes in 15.0% (43), and an unclear cause in 2.4% (7) ( Table 1) . Patient were intubated at hospital in 89.5% of cases (256), using a bag-valve mask for ventilation during transport to the hospital. Intubation was applied before arriving at hospital in 7.3% (21) , no intubation was used in 1.0% (3), and the place of intubation was unclear in 2.1% (6).
1．Intrahepatic gas
The incidence of intrahepatic gas was 24.1% (69/286) and dendroid gas was observed within 2 cm from the hepatic margin in 91.3% (63/69) of these patients. In univariate analysis, the absence of a witness to cardiac arrest, the presence of gastric distension, and the presence of intracardiac gas were significantly associated with the presence of intrahepatic gas ( Table 2 ). In multivariate analysis using age, sex, witness to cardiac arrest, gastric distension, and intracardiac gas as variables, the absence of a witness to cardiac arrest, presence of gastric distension, and presence of intracardiac gas were still significantly associated with the presence of intrahepatic gas (Table 4a ).
2．Intracardiac gas
The incidence of intracardiac gas was 31.1% (89/286). Gas was present only in the right heart (right atrium and ventricle) in 96.6% of cases (86/89) and in the right + left (left atrium and ventricle) heart in 3.4% (3/89). There were no cases with intracardiac gas in the left heart alone. In univariate analysis, the absence of a witness to cardiac arrest, the presence of gastric distension, and the presence of intrahepatic gas were significantly associated with the presence of intracardiac gas ( Table 3) . In multivariate analysis using age, sex, witness to cardiac arrest, gastric distension, and intrahepatic gas as variables, the presence of gastric distension and the presence of intrahepatic gas were significantly associated with the presence of intracardiac gas ( Table 4b) .
The incidence of intrahepatic and intracardiac gas in a group with gastric distention was 22.3% (43/193), in a group with non-gastric distention was 3.2% (3/93) (Table 5a-b).
3．Gastric distention
The incidence of gastric distention was 67.5% (193/286). In univariate analysis, duration of cardiopulmonary resuscitation without intubation were significantly associated with the gastric distention ( Table 6 ).
Discussion
Distinction of gases in the intrahepatic bile duct, hepatic artery and vein, and portal vein is necessary in observation of intrahepatic gas images. For distinguishing gas in the intrahepatic bile duct and portal vein, Sick reported that dendritic gas present within 2 cm of the hepatic margin can be diagnosed as portal venous gas 14) , and this was observed in 91.3% of cases (63/69) in our study. Distinction of gases in the hepatic artery and vein and portal vein was not possible because contrast imaging was not performed. However intrahepatic gas related to intestinal distention is likely to be portal venous gas 2) . We did not investigate small intestinal distension, but gastric distension was present in 87.0% of cases (60/69), suggesting that the intrahepatic gas was portal venous gas. We note that Jackowski et al. found that intrahepatic gas was not related to intestinal distension 15) , based on observations of intrahepatic gas on PMCT in 47 (59.5%) of 79 patients, including trauma patients; and hepatic arterial gas, hepatic venous gas, and portal venous gas in 21, 35, and 13 of 42 patients, respectively, after excluding those influenced by decomposition, with 20 of these cases of a complex type. However, the subjects included cases of traumatic death and examinations were performed several days to a few weeks after death, giving a very different study design to the one used in the current study.
Portal venous gas on PMCT in nontraumatic cardiopulmonary arrest patients has been associated with gastric, duodenal, or intestinal distension 2, 4) , and is frequently observed in cases without a witness to cardiac arrest and cases with prolonged cardiac arrest 5) . Liebmann et al. proposed injury of the gastrointestinal mucosa and inflow from ulcers, excessive intestinal distension and intestinal pressure elevation, and transfer of gas-producing bacteria into the portal vein as potential causes of portal venous gas 16) . In our study, intrahepatic gas production was associated with the absence of a witness to cardiac arrest and the presence of gastric distension, suggesting that a large volume of gas was sent into the digestive tract by bag-valve mask ventilation during cardiopulmonary resuscitation, and that the resulting compression on the sternum induced excess intestinal distension and intestinal pressure elevation, resulting in intrahepatic gas.
Moreover, initiation of resuscitation after cardiac arrest may have been delayed in cases without a witness to cardiac arrest. In such cases, ischemic changes in the gastrointestinal mucosa may have been severe and resulted in ready injury by excess intestinal distention, leading to inflow of gas into the liver. Table 5b . The incidence of intrahepatic and intracardiac gas in a group with non-gastric distention.
Total (N= 93) Intrahepatic gas (N=9) Non-intrahepatic gas (N=84)
Intracardiac gas (N=16) 3 (3.2%) 13 (14.0%)
Non-intracardiac gas (N=77) 6 (6.5%) 71 (76.3%)
Tomohiro Kikkawa, et al
Shiotani et al. examined findings from PMCT performed within 2 hours after death in 228 nontraumatic cardiopulmonary arrest patients treated with cardiopulmonary resuscitation. Gas was observed only in the superior vena cava and brachiocephalic vein in 21.1% (48 patients), the superior vena cava + heart in 24.1% (55), and the heart alone in 26.3% (60). In 19 patients who did not receive cardiopulmonary resuscitation, no gas was observed in the heart, superior vena cava, or brachiocephalic vein 4) . The incidence of intracardiac gas was higher by 19.3% compared to that in our study. This inconsistency may be due to differences in the CT device and postmortem timing of acquisition, as well as criteria for cardiopulmonary resuscitation and PMCT application.
The following causes of intracardiac gas on PMCT in cardiopulmonary resuscitation-treated nontraumatic cardiopulmonary arrest patients have been proposed: 1) inflow of air via a catheter indwelled in the internal jugular vein [6] [7] [8] ; 2) pulmonary arterial rupture due to lung injury caused by cardiopulmonary resuscitation, followed by air inflow into the pulmonary artery and retrograde entry into the right heart 9)
; 3) gas production by anaerobic bacteria 10) ; 4) pneumatization of blood gas by chest compression 11) ; and 5) inflow of portal venous gas into the right heart via the hepatic vein 10) . We made the following observations for these items in our study. 1) catheters and 2) lung injury and 3) anaerobic bacteria are an unlikely cause. 4) Regarding pneumatization of blood gas, gas production in liquid is consistent with a level exceeding the saturation pressure 17) . This suggests that artificial ventilation and chest compression could be important, but these effects were unclear. 5) The presence of intrahepatic gas was associated with intracardiac gas production, suggesting a relationship with inflow of portal venous gas.
Production of intrahepatic gas and intracardiac gas was related, and both may have been influenced by gastric distension. Excess gastric distension may have produced portal venous gas, as previously reported 2, 3, 5) , and this gas may have reached the right heart via the hepatic vein 10) . However, for gas to enter the hepatic vein and then the right heart via the portal vein, histologically, the gas has to pass through the portal vein, interlobular vein, sinusoid, central vein, sublobular vein, and hepatic vein to the right heart. The width of the sinusoidal lumen is only 4-15 µm, and the difference in vascular pressure from before to after the sinusoid is small under normal physiological conditions, which makes blood flow very slow 18) . In addition, sternal compression-induced blood flow mostly enters organs above the diaphragm, and blood entering the abdominal viscera and lower extremities accounts for only 5% of normal blood flow 19) . Given these conditions, gas does not necessarily reach the right heart via the portal vein. In addition, no intrahepatic gas was found in 48.8% of cases with intracardiac gas, suggesting the presence of a circulatory route other than that via the portal vein.
The gastric mucosa is most readily torn in the lesser curvature of the stomach when the stomach is distended 20, 21) . Thus, excess gastric distension induced by bagvalve mask ventilation during cardiopulmonary resuscitation may injure the mucosa of the lesser curvature, and gas may enter the left gastric vein in the injured region and then flow not only into the portal vein, but also via the route observed in portal hypertension: left gastric vein, esophageal vein network, azygos/hemiazygos vein, 4) , and this gas may have reached these veins not only by reflux from the heart but also by passing through the hemiazygos vein to the brachiocephalic vein, and through the azygos vein to the superior vena cava. However, it is also possible that gas refluxes from the heart to the liver. Shimizu et al. injected contrast medium into the femoral vein in patients with cardiopulmonary arrest, and CT performed after 100 or 200 sternal compressions showed marked retrograde blood flow in the venous system (superior vena cava, portal vein, and internal jugular vein) 22) . Thus, in the subjects in the current study, gas produced in the heart due to a certain cause may have retrogradely reached the hepatic vein and portal vein, resulting in intrahepatic gas.
In previous reports on cardiopulmonary resuscitation and gastric distension, more than 50% of ventilation per minute was sent to the stomach by cardiopulmonary resuscitation in patients without airway management 23) , gastric distension was noted in 46% of cardiopulmonary arrest patients who could not be saved, and aspiration in the lung occurred in at least 29% 24) . The European Resuscitation Council recommends reduction of the tidal volume to 15-7.5 ml/kg for artificial ventilation in cardiopulmonary resuscitation of patients without airway management 25) . In this study, duration of cardiopulmonary resuscitation without intubation were associated with the gastric distention. In an experiment on the relationship between cardiopulmonary resuscitation and gastric distension in pigs, pulmonary function compliance was markedly reduced when air was sent into the stomach by cardiopulmonary resuscitation 26) , and gastric distension induced abdominal compartment syndrome, which markedly aggravated hemodynamics and pulmonary function 27) . Our study suggested that air flowed into the heart from the stomach after distention by cardiopulmonary resuscitation and caused air embolism. Therefore, cardiopulmonary resuscitation-induced gastric distension may negatively influence hemodynamics and pulmonary function by causing not only abdominal compartment syndrome but also direct gas inflow into the heart, which may influence the life-saving rate and survival after CPR. Therefore, it may be important to avoid sending gas into the stomach in cardiopulmonary resuscitation. But this study only examined the cause of occurrence of intrahepatic and intracardiac gas by cardiopulmonary resuscitation, the effect on the rate of lifesaving is unknown, and further study of this issue are required.
There are several limitations in this study. First, this was a retrospective study, in which CT was not performed or performed with different timing in 137 of 427 patients with nontraumatic cardiopulmonary arrest due to a decision made by attending physicians at the ED. These judgments may have affected the results of the study. Second, the incidence of intrahepatic gas was lower by 7.6% compared to that reported by Takahashi et al., and the incidence of intracardiac gas was lower by 19 .3% compared to that found by Shiotani et al. Third, it is difficult to localize intrahepatic gas, since it may be present in the intrahepatic bile duct, hepatic artery, hepatic vein, or portal vein. To overcome these limitations, it will be necessary to perform a prospective study based on established procedural criteria. However, the current study is important since it provides the first results on the incidences and causes of intrahepatic and intracardiac gas after cardiopulmonary resuscitation, and defines the relationship between production of these gases.
Conclusion
Intrahepatic and intracardiac gas on PMCT was found in 24.1% and 31.1% of cases, respectively, in patients with nontraumatic cardiopulmonary arrest treated with cardiopulmonary resuscitation. Production of these gases was related, and gastric distension induced by cardiopulmonary resuscitation may have influenced the level of production.
